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Abstract
Platelets are a critical component of hemostasis, with disorders of number or function resulting in coagulation
disturbances. Insights into these processes have primarily been realized through studies using mammalian
models or tissues. Increasingly, zebrafish embryos and larvae have been used to study the protein and cellular
components of hemostasis and thrombosis, including the thrombocyte, a nucleated platelet analog. However,
investigations of thrombocytes have been somewhat limited due to lack of a robust and simple methodology for
quantitation, an important component of platelet studies in mammals. Using video capture, we have devised an
assay that produces a rapid, reproducible, and precise measurement of thrombocyte number in zebrafish larvae
by counting fluorescently tagged cells. Averaging 1000 frames, we were able to subtract background fluores-
cence, thus limiting assessment to circulating thrombocytes. This method facilitated rapid assessment of relative
thrombocyte counts in a population of 372 zebrafish larvae by a single operator in less than 3 days. This
technique requires basic microscopy equipment and rudimentary programming, lends itself to high throughput
analysis, and will enhance future studies of thrombopoiesis in the zebrafish.
Introduction
Platelets play an integral role in maintaining he-mostasis. In response to vascular injury, platelets interact
with von Willebrand factor (VWF) to initiate adhesive re-
actions, resulting in formation of the ‘‘platelet plug.’’ These
events, collectively known as primary hemostasis, serve as
the first line of defense in restoring the integrity of the vas-
cular wall.1 Defects in platelet number or function often re-
sult in primary hemostatic disorders or thrombotic events
such as myocardial infarction and stroke.2,3
A significant body of research has been dedicated to the
identification of proteins that regulate platelet number and
function with the goal of developing therapies for affected
individuals. Through genome-wide association and pro-
teomic studies, a number of genes have been recognized to
play a role in platelet activity.4,5 Efforts to identify and study
these genes have utilized various animal models, including
zebrafish. The zebrafish, Danio rerio, has risen to become a
popular choice to analyze gene function during development
and model human disease in vivo.6 Small in size with a high
fecundity, zebrafish is a well-characterized vertebrate with a
fully sequenced genome and conservation of nearly all co-
agulation factors.7,8 Early larvae and embryos are trans-
parent, permitting observation of circulation through light
microscopy.
Multiple studies have demonstrated functional conserva-
tion of zebrafish thrombocytes with mammalian platelets, and
fish have aided in the unraveling of several human genetic
platelet disorders (reviewed in Refs.3,8,9). Unlike mammals,
zebrafish thrombocytes are nucleated, but they share struc-
tural and functional features with platelets. For example, both
contain an open canalicular system and form pseudopodia on
activation.10 Orthologs for many mammalian platelet pro-
teins, such as VWF and CD41, are also present.11–13
Transgenic technology has allowed the development of
zebrafish with fluorescently tagged cell populations, includ-
ing a thrombocyte line. This strain expresses green fluorescent
protein (GFP) under regulation of the cd41 promoter, and it
has been used for multiple studies that have led to novel
insights into platelet function.3,8,9 Quantitative analysis of
thrombocytes has relied on in vivo or ex vivo flow cytome-
try14,15 or peripheral blood smears.10 However, these methods
usually require euthanasia for blood collection and/or time-
consuming and expensive analyses.
Previously, a simple and high-throughput method for rel-
ative quantification of fluorescently tagged leukocytes in
zebrafish embryos using a linearly proportional parameter
termed ‘‘leukocyte units’’ has been described.16 In addition,
video frame subtraction has been utilized to analyze circu-
latory system characteristics during zebrafish development.17
Here, we present adaption of these techniques to develop a
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similar comparative measure of circulating thrombocytes in
zebrafish larvae, using video to eliminate stationary cells and
background fluorescence. We show that this analysis requires
minimal effort, is reproducible, and provides a practical
method for rapid quantification of relative thrombocyte
counts (‘‘thrombocyte units’’ [TU]) in zebrafish larvae.
Materials and Methods
Animals
Zebrafish were raised in accordance with animal care
guidelines18 approved by the University of Michigan Animal
Care and Use Committee. All experiments were performed
using the cd41-egfp transgenic line.14 Harvested embryos
were incubated in methylene blue containing system water
at 28C with 0.003% 1-phenyl-2-thiourea (PTU; Sigma-
Aldrich, St. Louis, MO) at a density of 50–100 per 100mm
dish. Petri dishes were stored in a 28C incubator until
analysis at 6 days postfertilization (dpf).
Mounting of larvae for imaging
At 6 dpf, zebrafish larvae were anesthetized using tricaine
(0.16mg/mL; Western Chemical, Inc., Ferndale, WA) fol-
lowed by immersion in 0.7% low-melting point agarose. Up
to three larvae were loaded in 100mm long, 1.5–1.8mm
outer diameter range glass capillaries (Pyrex). Each larva was
separated by an air bubble to prevent mixing and facilitate
unloading. Loaded capillaries were placed onto modeling
clay for stabilization in a plastic tray, followed by submersion
in water to minimize refraction.
Imaging system
A Leica MZ16FA microscope (Leica, Wetzlar, Germany)
was equipped with a Canon 60D digital single lens reflex
(DSLR) camera using an AmScope microscope adapter
(United Scopes, LLC, Irvine, CA), which wasmounted on the
viewport. Magic Lantern (www.magiclantern.fm), a free
firmware add-on for Canon EOS DSLR cameras, was in-
stalled, allowing adjustment of parameters such as sensitivity
(ISO) and frame-rate. An external remote was attached to the
camera to reduce vibratory movements associated with ac-
tivation of the shutter for recording.
Imaging procedure
Larvae were visualized at 85· magnification through a
GFP2 long-pass filter (Leica) and identical regions were
framed in each individual, from the anterior tip of the larvae to
the yolk sac extension, all of whichwere within the same focal
plane (Fig. 1A). With the DSLR camera set to video mode,
‘‘ISO’’ was set to 6400 and ‘‘FPS override’’ was enabled.
‘‘Desired FPS’’ was set to 20 with a ‘‘Shutter range’’ of 1/20–
1/59 through the Magic Lantern context menu. The ‘‘Movie
REC key’’ was modified from default to HalfShutter to allow
the external remote to control recording. Each movie was
recorded for 1min at 1920· 1080 resolution. Videos were
stored on an internal SD card, and no computer was required
for image capture. A raw sample frame is shown in Figure 1B.
Image processing
Subsequent video processing was performed using Adobe
AfterEffects (Adobe, San Jose, CA) and ImageJ19 software.
Each video was processed initially to reduce noise from the
low-light conditions using Adobe AfterEffects and the
NeatVideo plugin (www.neatvideo.com) on a Macintosh
computer (both are also available for Windows). The Neat-
Video reduce noise feature is based on the principle of image
denoising. Noise is a random variation of brightness or color
that manifests as a grain-like appearance, usually in areas of
FIG. 1. Sample work flow of image processing of a single frame acquired from a cd41-egfp transgenic larva. Green
fluorescence indicates specific egfp expression in thrombocytes or autofluorescence in the yolk sac. (A) Brightfield image
demonstrating the orientation of 6 days postfertilization (dpf) larvae and positioning from the anterior tip of the larvae to the
beginning of the yolk sac extension. (B) Raw fluorescence image before processing shows circulating and nonmobile throm-
bocytes, as well as background and autofluorescence. (C) Frame postprocessing showing circulating thrombocytes. (D) ImageJ
‘‘analyze particle’’ visual output of thrombocyte units (TU). Color images available online at www.liebertpub.com/zeb

















































low light where only a small amount of information can be
derived. Each camera produces its own unique image noise.20
The goal of image denoising ultimately aims at preserving
image features such as texture while eliminating noise.20
NeatVideo assists in semi-automating this process by al-
lowing the user to establish a baseline level of noise by in-
dicating a ‘‘smooth image’’ region in an image frame. This
region becomes the featureless area in which to profile noise
and serves as the threshold that could be applied to the re-
mainder of the image frame. The parameters for the ‘‘Reduce
Noise’’ effect were a temporal filter radius of 5, a temporal
filter threshold of 100%, and a device noise profile taken from
the top right corner of the video as reference. A script was
created to automate these steps for high-throughput analysis.
Once the ‘‘Reduce Noise’’ effect was applied, all of the
compositions were selected and added to the render queue to
allow for processing (Composition / Add to Render
Queue). Each video was processed and saved in a lossless
(uncompressed) format for subsequent processing in ImageJ.
After noise reduction, the resulting video file was imported
and converted into a virtual stack in ImageJ. From there, an
average frame was produced from the stack of 1000 frames
using the ‘‘Z Project.’’ command with ‘‘Average In-
tensity’’ selected. The average frame that was produced was
subtracted to each frame in the virtual stack using the
‘‘Subtract create stack’’ command, which resulted in a video
of only circulating thrombocytes (Fig. 1C). From there, a
threshold (0.5) was applied and colors were converted into
binary colors using ‘‘Invert’’ in preparation for thrombocyte
counting. ‘‘Analyze Particles.’’ was used with the param-
eters of ‘‘size = 12–6000’’ and ‘‘circularity = 0.40–1.00’’ for
thrombocyte counting (Fig. 1D). The resulting thrombocyte
numbers (termed TU) were collected and exported as a text
document for data processing and analysis (Microsoft Excel
and GraphPad). These steps were also automated within
ImageJ through a custommacro for high-throughput analysis.
Manual thrombocyte counts
Thrombocytes were counted manually in every 50th frame
after background subtraction. This was performed till the
500th frame, and these manual counts were plotted against
the corresponding automated count generated from that same
image in the ‘‘Analyze Particles’’ feature of ImageJ.
Results
Visualization of circulating thrombocytes
through video-assisted background subtraction
During embryonic and larval development, both circulat-
ing and nonmobile GFP + cells are visible, and data suggest
that the latter represent hematopoietic progenitors.14 To
quantify the thrombocyte population, we developed a pro-
tocol to rapidly identify just the circulating GFP + cells. We
were able to fine tune video recording parameters such as
sensitivity and frame-rate using a camera firmware add-on,
which was critical in viewing the fluorescently labeled cir-
culating thrombocytes in low light conditions. The principle
behind image subtraction, which enabled removal of back-
ground, is the separation of static and dynamic pixels; these
are areas where no movement is detected.17 Each pixel has an
assigned grayscale value in each frame. A composite image
was created from all frames in a reference video, and in this
image each pixel was the average intensity from all the
frames. The composite served as a background image, which
was used to determine which pixels in each individual frame
were dynamic or static. This was accomplished by subtract-
ing the composite image from each frame individually, and it
resulted in a clear separation from the static and dynamic
pixels, enabling discernment of circulating and noncirculat-
ing thrombocytes (Fig. 1B vs. C). For each video, quantifi-
cation of circulating thrombocytes was performed for each
frame and then averaged across all frames. This final number
was termed thrombocyte units (TU).
Circulating thrombocyte counts are accurate
and reproducible
During embryogenesis in cd41-egfp zebrafish, the popu-
lation of GFP + circulating thrombocytes expands, after first
FIG. 2. Thrombocyte units (TU) measured in individual
larvae from 4 to 6 dpf. Each line represents an individual
larva. Each measurement represents the average TU of 1000
frames at that point in time, and error bars represent the
standard deviation of that measurement.
FIG. 3. Repeat TU measurements on individual larvae.
Duplicate measurements were taken from 10 individual
6 dpf larvae,*30min apart. Each repeat data collection was
performed after a capillary was removed and remounted.
Each single measurement represents the average TU of 1000
frames at that point in time, and error bars represent the
standard deviation of that measurement.

















































becoming visible at 3–4 dpf.14 We initially determined
whether thrombocytes increase in quantity during develop-
ment by examining seven zebrafish larvae at 4, 5, and 6 dpf
(Fig. 2). Except for a single outlier, larvae demonstrated an
increasing number of TU each day, and we concluded that the
optimum time point for imaging was 6 dpf.
The reproducibility of the video analysis was assessed by
performing repeat measurements on individual larvae. Capil-
laries containing larvae were mounted, imaged, removed, and
remounted 30min later for repeat imaging. With each mount-
ing, we were able to achieve quick and precise orientation of
larvae by simple rotation of the capillary, and there were
minimal changes between repeat measurements (Fig. 3).
Manual counting of thrombocytes was performed to con-
firm the accuracy of the automated calculations. Ten fish
larvae were video recorded, processed, and thrombocytes
were counted manually in 10 nonconsecutive frames from
each individual. Each manual count was compared with the
automated count for that frame (Fig. 4). Linear regression
demonstrated a high degree of correlation with an R-square
of 0.93.
Population distribution of thrombocytes in larvae
To assess the distribution of TU across a large population
of cd41-egfp larvae, 372 individuals were analyzed at 6 dpf.
The mean count was 25– 10 TU per individual larva, and
87.6% of the population were within a four-fold range (10–40
TU/larva, Figure 5).
Discussion
One of the distinct advantages of the zebrafish model is
high-throughput genetic and small-molecule screens in em-
bryos and larvae. Such experiments have not yet been per-
formed to study thrombopoiesis, and one reason may have
been the lack of a high-throughput method for quantification
of thrombocytes. Using a transgenic line with fluorescently
tagged thrombocytes, we have developed a method that is
modeled after a technique used to count fluorescently tagged
leukocytes in embryos.16 These computational methods are
simple and have the potential for high-throughput quantifi-
cation of large numbers of individuals. One potential draw-
back of the approach used for leukocytes is reduced precision
due to quantification of a single image. This method could be
a shortcoming for thrombocytes, in particular, since it counts
all GFP + cells, and the cd41-egfp transgene is known to mark
stationary hematopoietic precursors as well as circulating
thrombocytes.14 We have demonstrated that the use of video
can overcome this limitation. The analysis of 1000 images
over a defined period prevents a poor quality image from
affecting the overall TU calculation, reduces scatter, and
enhances precision. This was confirmed by repeat testing on
individuals as well as by a comparison of automated to
manual quantification on multiple individual images.
Through quantitation of a string of sequential images, we
were able to average the results and subtract background
fluorescence. This background included autofluorescence as
well as stationary cells in situ, with the remaining signal
consisting of circulating, mature thrombocytes. Our data
prove that this methodology is both reliable and precise, re-
quires minimal effort, and can be easily adapted to basic
microscopic equipment with fluorescence capabilities. This
inexpensive setup only requires a DSLR that can be mounted
to a range of microscope viewports or eyepieces with com-
mercially available adapters. Video processing and analysis
is automated through simple scripts (available on request),
allowing substantial numbers of individuals to be processed
in parallel.
We evaluated relative thrombocyte counts in a large pop-
ulation of individuals at 6 dpf. Video recording and analysis
of nearly 400 cd41-egfp larvae was rapidly performed in a
few days by a single operator, which is high throughput
compared with currently available methods. The TU popu-
lation distribution, with almost 90% of individuals spread
over a four-fold range, bears resemblance to platelet count
variation in the normal human population.2 One limitation to
this method is that it is a relative measure of thrombocytes,
and not necessarily the actual total count in an individual.
FIG. 4. Comparison of manual counts versus TU. Manual
counts were performed on 10 frames each of 10 individuals
after processing and background subtraction. The results
were plotted against the TU from the same frame. Linear
regression was performed, yielding an R-square of 0.93.
FIG. 5. Population distribution of TU in 6 dpf larvae.
Histogram of TU from 372 zebrafish larvae measured at
6 dpf indicates that 87.6% varied over a four-fold range (10–
40 TU/larva). Each label on the x-axis indicates a bin with a
range of 5 TU, with the number representing the maximum
for that bin, for example, 5 = 1–5 TU, 10= 6–10 TU, etc.

















































Although studies of pathologic states have yet to be per-
formed, we speculate that this technique can be utilized to
determine deviation of mutant or treated groups from con-
trols, enabling genetic and small-molecule screens. In con-
clusion, we have developed a rapid and simple nonlethal
method for relative quantification of thrombocytes in zebra-
fish larvae in vivo. We expect that this will facilitate modeling
and high-throughput studies of thrombocytopenia or throm-
bocytosis in zebrafish.
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